Dendritic spines are major loci of excitatory inputs and undergo activity-dependent structural changes that contribute to synaptic plasticity and memory formation. Despite the existence of various classification types of spines, how they arise and which molecular components trigger their structural plasticity remain elusive. microRNAs (miRNAs) have emerged as critical regulators of synapse development and plasticity via their control of gene expression. Brain-specific miR-134s likely regulate the morphological maturation of spines, but their subcellular distributions and functional impacts have rarely been assessed. Here, we exploited atomic force microscopy to visualize in situ miR-134s, which indicated that they are mainly distributed at nearby dendritic shafts and necks of spines. The abundance of miR-134s varied between morphologically and functionally distinct spine types, and their amounts were inversely correlated with their postulated maturation stages. Moreover, spines exhibited reduced contents of miR-134s when selectively stimulated with beads containing brain-derived neurotropic factor (BDNF). Taken together, in situ visualizations of miRNAs provided unprecedented insights into the "inverse synaptic-tagging" roles of miR-134s that are selective to inactive/irrelevant synapses and potentially a molecular means for modifying synaptic connectivity via structural alteration.
Dendritic spines are major loci of excitatory inputs and undergo activity-dependent structural changes that contribute to synaptic plasticity and memory formation. Despite the existence of various classification types of spines, how they arise and which molecular components trigger their structural plasticity remain elusive. microRNAs (miRNAs) have emerged as critical regulators of synapse development and plasticity via their control of gene expression. Brain-specific miR-134s likely regulate the morphological maturation of spines, but their subcellular distributions and functional impacts have rarely been assessed. Here, we exploited atomic force microscopy to visualize in situ miR-134s, which indicated that they are mainly distributed at nearby dendritic shafts and necks of spines. The abundance of miR-134s varied between morphologically and functionally distinct spine types, and their amounts were inversely correlated with their postulated maturation stages. Moreover, spines exhibited reduced contents of miR-134s when selectively stimulated with beads containing brain-derived neurotropic factor (BDNF). Taken together, in situ visualizations of miRNAs provided unprecedented insights into the "inverse synaptic-tagging" roles of miR-134s that are selective to inactive/irrelevant synapses and potentially a molecular means for modifying synaptic connectivity via structural alteration.
atomic force microscopy | force mapping | microRNAs | dendritic spines | structural plasticity S pines, small protrusions emanating from the dendritic shafts of mammalian neurons, are major postsynaptic structures in apposition to axonal terminals of excitatory synapses (1, 2) . The strength and modification of synaptic connectivity, which encompasses the ensemble of chemical and electrical connections between neurons, are critical for learning and memory (3) . The physiological properties and strength of synapses can be mediated and modified by alterations in spine structure (4) , mainly controlled by the polymerization and depolymerization of cytoskeletal components (5) . Dendritic spines may be morphologically categorized as filopodia, which protrude from dendrites but lack postsynaptic density (PSD), thin types, which are normally considered to be immature spines, and stubby and mushroom types, which are considered to be mature spines (1, 6) . A variety of proteins participate in the regulation of dendritic spine structure, which can be modulated by myriad ligands, such as brain-derived neurotropic factor (BDNF) and neuromodulators released into the synapses (7) . microRNAs (miRNAs) are a diverse class of small noncoding single-stranded RNAs that posttranscriptionally regulate gene expression (8) . A distinct set of miRNAs appear to play critical roles in morphological changes of neurons (9, 10) . They are also reported to exert various synaptic functions such as synapse formation and maturation (9, (11) (12) (13) . For instance, activitydependent miR-134s can regulate dendritic spine morphogenesis by repressing the translation of Limk1 mRNA within dendrites (14) (15) (16) (17) . However, in situ distribution of miRNAs has not been resolved in synaptic structures, largely due to resolution limits imposed by conventional miRNA detection methods including in situ hybridization (18) (19) (20) and fluorophore-labeled probes (14, 15, (18) (19) (20) (21) (22) (23) .
Atomic force microscopy (AFM) enables multiparametric nanoscale imaging for topography and stiffness, even under physiological conditions (24) (25) (26) (27) . In particular, AFM tips comprise molecular probes that bind to specific targets, thereby generating specific adhesion signals characterized by forcedistance curves (28) (29) (30) . Under ultrahigh lateral resolution, the specific signals produced by AFM may be used to locate individual molecules at nanometer resolution without the need for labeling or amplification. A hybrid binding domain (HBD) binds specifically to RNA/DNA hybrids that do not normally exist in the cytosol (31) . We previously took advantage of HBD to detect and quantify miRNAs in single cells (32) . Using the HBD with a complementary probe DNA to hybridize with miR-134s as the target, we were able to map individual miR-134s in dendritic shafts and spines at 10-nm resolution (SI Appendix, Fig. S1 ). Importantly, miR-134 contents were inversely correlated with the postulated maturity of individual spines, which was experimentally substantiated by
Significance
Although synaptic plasticity is intimately controlled by synthesis of transmitter receptors and regulatory proteins, it remains largely unknown how synthesis and distribution of synaptic proteins could be modulated at the specific synapses. microRNAs (miRNAs) such as miR-134 could adjust synapse development and plasticity due to their regulatory functions for a distinct set of proteins. We developed an imaging method for in situ microRNAs mediated by atomic force microscopy (AFM), which revealed that miR-134s are enriched at nearby dendritic shafts and necks of spines. Notably, the abundance of miR-134s varied among distinct spine types, and their amounts were inversely correlated with maturity and functional states of individual spines. The functional impact of miR-134s would represent a molecular means of miRNAs, dynamically tuning synaptic connectivity and plasticity. beads coated with brain-derived neurotropic factor (BDNF) and the expression of a marker for activated-synapse (AS) targeting (Fig. 1) .
Results
Visualization of Individual miR-134s in Dendrites and Spines. To assess the differences between sectioned soma (intracellular) and soma from which the membrane had been removed (soma surface), we first mapped miR-134s at high resolution within sectioned somas of hippocampal neurons. An interaction between the HBD tethered to an AFM probe and the miR-134/DNA hybrid within the sections was observed, with the most probable adhesion force at 23 pN (SI Appendix, Fig. S2A ), which revealed an average of 2.4 miR-134s (i.e., observable clusters) per 1.0 μm 2 . When depolarized with KCl, hippocampal neurons exhibited an increase in the density to 9.0 miR-134s per 1.0 μm 2 (SI Appendix, Fig. S2 B-E). As these values corresponded with those obtained at the surface of the soma after membrane removal (32), miR134s also seem to be homogeneously distributed within the cytosol area, such that data obtained from the intracellular surface are representative of data within the surrounding compartment. While this approach revealed that miR-134s at somas were increased by depolarization (SI Appendix, Fig. S2 ), application of the same approach for the subcompartments of dendrites was technically challenging because it is difficult to slice the resinembedded samples along the dendrites due to the morphological characteristics.
Primary cultured hippocampal neurons were fixed at 14 d in vitro (DIV14). The plasma membranes were removed, and then miR-134-complementary probe DNA was added for hybridization. The neurons were also immunostained to visualize dendrites and spines to guide the placement of an AFM probe tethering the HBD. An AFM morphology map was obtained, which enabled the classification of spine shapes into various types (see SI Appendix, SI Materials and Methods for classification details). Then high-resolution force-based maps were made using the interaction between HBD and the miR-134/DNA duplex, resulting in highly clustered pixels (Fig. 2) , as well as the most probable specific adhesion force of 23 pN at dendritic shafts (SI Appendix, Fig. S3 A and B), which are consistent with the measurements from somas. Control experiments, such as mapping without DNA hybridization, after RNase treatment, with noncomplementary DNA, or with RNA hybridization, corroborated the validity of our analytical approaches (SI Appendix, Fig. S3 C-E). Unlike our previous observations in somas (32) (SI Appendix, Fig. S2 B-E), miR-134s within dendrites were highly localized to dendritic shafts below the spines, within an area of 700 (horizontal) × 200 (longitudinal) nm, and occasionally at the necks of the spines, but not within the spine heads ( Fig. 2 and SI Appendix, Fig. S4 A-H) .
To ascertain the consistency of our measurement of miR-134s for each class of spines, we conducted analysis of each spine, one by one, in as many individual cells as possible. Importantly, the numbers of observed miR-134 clusters varied accordingly for each spine type (stages). For immature (thin) spines, there were 10.40 ± 0.40 (mean ± SEM) miR-134s, whereas for mature (stubby and mushroom) spines, there were only 5.50 ± 0.43 miR134s ( Fig. 2 and SI Appendix, Fig. S4 A-H and Table S1 ). Indeed, the number of observed miR-134 clusters was negatively correlated with spine head diameter, indicating their functionality (33, 34) (Kendall tau correlation coefficient: −0.76; P < 0.001; SI Appendix, Fig. S4I ). Therefore, miR-134s are primarily localized in the dendritic shaft at the base of spines, and appear to be more abundant near immature forms of spines than near mature ones.
miR-134 Contents of Active Spines. Expression of the immediate early gene Arc is widely used as a cellular marker of neuronal activity. This feature was exploited by a construct, ArcMin-AS, harboring a cassette consisting of mVenus for visualization, a deletion mutant of PSD-95 for accumulation at the postsynaptic sites without PDZ interaction, and the dendritic targeting element (DTE) of Arc mRNA for selective translation at the active dendritic segments (35) . We transduced hippocampal neurons with adeno-associated viruses (AAVs) encoding the activity marker (SI Appendix, Fig. S5A ), which allowed us to distinguish active spines from inactive ones: mVenus fluorescence was evident at the tips of the active spine heads or dendritic shafts (Fig.  3 A, B , F, and G and SI Appendix, Fig. S6 A, C, E, G, I , K, M, O, and Q). Thus, we were able to report the activation states of sampled spines by simultaneous visualization of both AS-labeled and nonlabeled spines.
mVenus-expressing (active) mature spines exhibited 4.70 ± 0.30 miR-134s (Fig. 3C and SI Appendix, Fig. S6 B, D, F , H, J, and L and Table S1 ). This was similar in value to that of spines displaying the mature morphology (Fig. 2 D-I and SI Appendix, Fig. S4 A-H and Table S1 ; also see Fig. 5 ). Intriguingly, we also observed filopodia and immature forms of spines that exhibited mVenus fluorescence, albeit at a much lower frequency than that of mature forms of spines with mVenus signals (total labeling rate of ArcMin-AS in filopodia and dendritic spines analyzed, 22.89%; labeling rate of ArcMin-AS in mature spines, 17.71%; labeling rate of ArcMin-AS in immature spines, 4.08%; labeling rate of ArcMin-AS in filopodia, 1.10%; P < 0.01, one-way ANOVA followed by a Tukey's post hoc test; SI Appendix, Fig.  S5B ). At active filopodia and immature spines, respectively, 8.80 ± 0.37 and 6.80 ± 0.37 miR-134s were detected (Fig. 3 H and J and SI Appendix, Fig. S6 H, J, L, N, P, and R and Table S1 ; also see Fig. 5 ). By contrast, the filopodia and immature spines devoid of mVenus had, respectively, 13.70 ± 0.30 and 10.00 ± 0.26 miR-134s (Fig. 3 D, E, I , and K and SI Appendix, Fig. S6 B, D, F, H, J, L, N, P, and R and Table S1 ; also see Fig. 5 ). Fewer miR-134s were associated with active filopodia and immature spines than with inactive ones (active, 7.80 ± 0.42; inactive, 11.85 ± 0.47; P < 0.001, one-way ANOVA followed by a Tukey's post hoc test; Fig. 3L ). Therefore, miR-134 abundance appears to be better at predicting the functionality of dendritic spines than predicting the morphology of spines. Collectively, miR-134 level is inversely correlated with the activity state of dendritic spines, which prompts us to speculate that miR-134s participate in defining the activity of individual spines and potentially in controlling structural plasticity, akin to their inhibitory effects on spine morphogenesis. miR-134 Contents of Locally Activated Spines. BDNF-mediated stimulation of TrkB induces synaptic activation of the subject synapses and subsequently increases intracellular Ca 2+ levels, leading to structural changes in dendritic spines (7, 36) . For direct comparison of the contents of miR-134s at filopodia and spines between BDNF and bovine serum albumin (BSA) groups, we applied beads covalently coated with BDNF and beads coated with BSA to cultured hippocampal neurons (DIV14), and then incubated them for 60 min. BDNF-dependent stimulation was verified by (i) measuring the expression of the photoinducible genetically encoded calcium indicator CaMPARI (37) followed by 405-nm laser illumination (SI Appendix, Fig. S7 A and B) and (ii) confirming an increase in spine head diameters from 0.78 ± 0.07 to 1.40 ± 0.20 μm after BDNF apposition (P < 0.05, one-way ANOVA followed by a Tukey's post hoc test; SI Appendix, S6C) as well as altered spine population (SI Appendix, Fig. S7 D  and E) . As expected, treatment with BSA-coated beads produced no significant change in spine head diameter (0.82 ± 0.08 μm).
In agreement with our results using ArcMin-AS ( Fig. 3 H and J and SI Appendix, Fig. S6 H, J, L, N, P, and R), BDNF-stimulated filopodia and immature forms of spines were associated with 8.40 ± 0.24 and 6.60 ± 0.40 miR-134s, respectively (Figs. 4 A-D and 5 and SI Appendix, Fig. S8 and Table S1), which was significantly different from mean numbers of miR-134s associated with nonstimulated filopodia and immature spines (P < 0.001, one-way ANOVA followed by a Tukey's post hoc test; Figs. 2B, 3 I and K, and 5 and SI Appendix, Fig. S6 B, D, F, H , J, L, N, P, and R and Table S1 ). Interestingly, BDNF-stimulated mature spines were associated with 4.30 ± 0.30 miR-134s (Figs. 4 E-H and 5 and SI Appendix, Fig. S8 and Table S1 ), which was comparable to the number of miR-134s associated with nonstimulated mature spines (Fig. 5) . No effect of treatment with BSA-coated beads was observed with miR-134 counts of 12.80 ± 0.37 for filopodia, 10.60 ± 0.40 for immature spines, and 5.80 ± 0.42 for mature spines (SI Appendix, Fig. S9 and Table S1 ). These outcomes were similar to those of the initial visualization studies (Fig. 5) . As an additional control experiment, we treated hippocampal neurons with ANA-12, a selective and noncompetitive antagonist of TrkB, before application of BDNF-coated beads. ANA-12 blocked BDNF-mediated changes in miR-134 contents at filopodia and at each dendritic spine type (SI Appendix, Fig. S10 ). These data indicate that, consistent with what was observed in active filopodia and immature spines, synapse stimulation by BDNF also reduced the number of associated miR-134s at spines that had the immature morphology, but not at spines that had the mature morphology. Thus, synaptic activity may substantially control miR-134 contents at immature (determined by morphology) or inactive (determined by the activity marker) spines, but not at mature or active spines. Since fully mature spines already contain a reduced amount of miR-134s, they are most likely to be indifferent to additional increases in synaptic and neural functionality.
Discussion
We employed AFM and further improved adhesion force mapping methods for in situ visualization of miRNAs along the neurites of hippocampal neurons, which enabled us to directly analyze miR-134s at individual postsynaptic areas. Indeed, this nanoscale imaging revealed that miR-134s are enriched in the necks of spines and beneath the dendritic shafts but not within spine heads. Importantly, miR-134 abundance varied among the morphologically categorized spine types, such that the number of miR-134s was lower near spines with high-functionality states, as determined by the expression of ArcMin-AS or after stimulation with BDNF (Fig. 5) .
Synaptic plasticity is a cellular mechanism underlying learning and memory. In many cases, long-lasting memory relies on longterm synaptic plasticity accompanied by dynamic remodeling of pre-and postsynaptic structures, which allows for the recruitment of glutamate receptors and their incorporation into the PSD (38) . Synaptic plasticity also requires de novo synthesis of proteins that interact with the PSD and the cytoskeleton (39) (40) (41) . miRNAs can intimately regulate protein synthesis by sequence-selective binding to the 3′-untranslated regions of their target mRNAs. For example, miR-134s may modulate dendritic spine sizes and potentially their activity by curbing the synthesis of Limk1 (14) . Our observation that miR-134s were more abundant at immature (inactive) spines than at mature (active) spines would lend support to of the notion that miR-134s have roles in regulating the functional states of individual spines and filopodia.
The stimulation of select synapses induces the local translation of mRNAs encoding indispensable proteins for synaptic modification (42) . Although the regulatory mechanisms have not been fully clarified, they likely involve polysomes consisting of an mRNA and multiple ribosomes within the dendritic shaft beneath spines. Therefore, miRNAs should be situated in these synaptodendritic compartments to act as local regulators of the translation of those mRNAs. The detection of miR-134s at the base of dendritic spines is consistent with this scenario. Furthermore, it was previously shown that mature forms of miRNAs are localized to stimulated synapses (23) and that miR-134s negatively regulate the size of dendritic spines (14) . Despite the apparent likelihood, there have been no reports examining whether or not each miRNA resides distinctly in synapse structures or that miR-134 abundance can predict or control the functional state of individual dendritic spines. In this study, AFM-aided nanoscale imaging and a fluorescence marker of synaptic activity provided in situ evidence that miR-134 abundance is inversely correlated with the activity of individual spines.
The synaptic tagging, or capture, theory explains how particular synapses produce targets for subsequent trafficking of plasticityrelated proteins (PRPs) (41, 43) to achieve input-specific synaptic and structural plasticity. For instance, PKMzeta (44), transported mRNAs (45) and Ca 2+ microdomains, and short-term plasticity itself (46) have been proposed to act as synaptic tags that regulate the local synthesis of synaptic proteins. Conversely, trafficking of Arc into spine heads has been proposed as a tagging mechanism in ambient inactive synapses for the maintenance of the synaptic balance of potentiated neurons and the enhancement of signal/ noise values for the onset of synaptic plasticity (47) . Given the activity-dependent expression of miRNAs (23) and their extended stability in the cytoplasm (48), our results support the possibility that miR-134s might also serve as inverse tags for the marking of inactive (irrelevant) synapses and the prevention of nonspecific potentiation. Thus, it is possible to speculate that synaptic modification can arise and persist only at spines associated with reduced levels of miR-134s.
In summary, we provide in situ evidence showing that miR134s are localized at nearby dendritic shafts and necks of spines and are differentially enriched at spines depending on their activity. The miR-134-mediated inverse synaptic tagging mechanism proposed here could represent an effective means of preserving synaptic weight differences between active and inactive synapses and enhancing the fidelity of synaptic modification when neuronal ensembles participate in computation of conditioned and unconditioned stimuli (SI Appendix, Fig. S11 ). Future studies directed toward the molecular and cellular mechanisms by which miRNAs determine input-specific synaptic plasticity will advance our understanding of the information processing at single synapses and the connectivity changes within entire neuronal circuits for memory formation and storage.
Materials and Methods
All animal care and use were in accordance with the institutional guidelines of Pohang University of Science and Technology. Neuronal cell cultures and AFM imaging were performed as previously described (32) . Statistical analysis was performed using IBM SPSS Version 21.0. A detailed description of materials and methods is provided in the SI Appendix, SI Materials and Methods.
